Background Gain of chromosome 20q is an important factor in the progression from colorectal adenomas to carcinomas. Genes that drive 20q gain are expected to show correlation of mRNA and protein expression levels with 20q DNA copy number status while functionally influencing cancer processes. CSE1L, DIDO1 and RBM39 are located on the 20q amplicon and affect processes such as cell viability and anchorage-independent growth in colorectal cancer. This study aimed to investigate whether CSE1L, DIDO1 and RBM39 may drive 20q amplification. Methods Protein expression levels were examined by immunohistochemical evaluation of tissue microarrays containing a series of colorectal adenoma and carcinoma samples, which were characterized by genome-wide (microarray-based) DNA and mRNA profiling. Results CSE1L, DIDO1 and RBM39 mRNA expression levels correlated with chromosome 20q DNA copy number status. CSE1L protein expression was not associated with 20q gain, although its expression was increased in carcinomas compared to adenomas. DIDO1 and RBM39 protein expression was quite strong in the majority of tumors irrespective of 20q DNA copy number status. Conclusion The lack of correlation between protein expression levels and 20q DNA copy number status implies that CSE1L, DIDO1 and RBM39 are merely passengers rather than drivers of chromosome 20q gain in colorectal adenoma-tocarcinoma progression.
Introduction
Colorectal cancer (CRC) is the second cause of cancer related deaths in the western world [1] . Worldwide CRC accounts for 600,000 deaths annually. CRC development from normal colon epithelium is initiated by disruption of the WNT signalling pathway which gives rise to benign precursor lesions, i.e. adenomas. Colorectal adenomas can progress into CRC, which is estimated to take place in about 5 % of cases [2] . CRC carcinogenesis is driven by multiple genetic alterations, which accumulate in a developing tumor upon introduction of genomic instability. Microsatellite instability (MSI) is caused by failure of the DNA mismatch repair system and leads to accumulation of DNA mutations in approximately 15 % of CRCs. Chromosomal instability (CIN) is observed in the majority of CRCs (about 85 %) and is characterized by gains and losses of chromosomal regions. These gross aberrations lead to deletion or amplification of tumor suppressor genes, oncogenes, and/or noncoding RNAs such as miRNAs, resulting in aberrant expression of genes that affect cancer-related biological processes [3] [4] [5] .
Gain of chromosomal region 20q is frequent in CRC; it is present in more than 60 % of carcinomas [6, 7] . Several functional consequences of chromosome 20q gain have been reported; 20q gain has been associated with colorectal adenoma-to-carcinoma progression [7] and it correlates with poor prognosis in CRC patients [8] . Usually, large fragments of the 20q arm are amplified as a whole, suggesting a role of multiple 20q genes on CRC progression. Recently, we confirmed by functional analyses that multiple genes on chromosome 20q contribute to cancer processes [9] . AURKA and TPX2 were identified as genes that promote 20q gain-driven colorectal adenoma-to-carcinoma progression. However, other genes located on 20q also contributed to cancer-related processes, including CSE1L, DIDO1 and RBM39. CSE1L and RBM39 affect cell viability while CSE1L and DIDO1 contribute to anchorage-independent growth (Suppl. Fig. 1 ) [9] . Therefore, these genes may be drivers of 20q gain associated tumor progression.
Chromosomal regions that frequently show increased copy numbers in tumors are believed to drive carcinogenesis by affecting mRNA and protein expression levels of relevant 'driver' genes. Therefore, genes whose mRNA and protein expression is influenced by its DNA copy number status are candidate genes that may drive the gain of the amplicon. From previous studies it is known that increased mRNA expression of genes located on amplified regions is rare [7, 10] . The aim of the present study was to investigate whether CSE1L, DI-DO1 and RBM39 are drivers or merely passengers of 20q gain-driven colorectal adenoma-to-carcinoma progression, by investigation of mRNA and protein expression levels of these genes in colorectal adenomas and carcinomas in relation to chromosome 20q DNA copy number status.
Materials and methods

Correlation of mRNA expression data to DNA copy number status
Data on DNA copy number ratio of the actual gene locus and mRNA expression in colorectal adenomas and carcinomas have been previously obtained by array CGH (comparative genomic hybridization) and mRNA expression microarrays, respectively [7] . Copy number ratios of the actual gene loci were determined by taking the tumor to normal DNA copy number ratio of the BAC (bacterial artificial chromosome) clone that covers the gene locus (e.g. RP1-155G6 for CSE1L, RP4-563E14 for DIDO1 and RP11-353C18 for RBM39). The smoothened, but not called, ratio was used as a continuous variable. Differences in DNA copy number ratio and mRNA expression levels between adenomas and carcinomas and differences between tumors with and without 20q gain were assessed by the MannWhitney test. Correlation of array CGH and mRNA expression data was evaluated by Pearson correlation.
Colorectal adenoma and carcinoma tissue microarrays
Tissue microarrays had been constructed using a series of 82 colon adenomas and 82 CRCs that were collected retrospectively from 2001 to 2008 at the VU University medical center, Amsterdam, The Netherlands. All tissues were used in compliance with the institutional ethical regulations for use of patient material, in agreement with the "Code for Proper Secondary Use of Human Tissue in the Netherlands". Tumors were characterized for MSI-status and chromosome 20q DNA copy number status as described previously [11] . Histological and molecular characteristics of the tumors are summarized in Suppl. Table 1. 
CSE1L, DIDO1 and RBM39 immunohistochemistry
Immunohistochemical stainings of CSE1L, DIDO1 and RBM39 were performed on tissue microarrays. Paraffin sections (4 μm) were deparaffinized in xylene and rehydrated through a series of graded alcohol to water. Endogenous peroxidase was blocked for 30 min with hydrogen peroxide (0.3 % H 2 O 2 in methanol). Antigen retrieval was performed by autoclave heating in 10 mM citrate buffer (pH 6.0). Stainings were performed using CSE1L antibody (NCL-CAS, mouse monoclonal, Novocastra, Newcastle upon Tyne, UK) in a 1:30 dilution, DIDO1 antibody (sc-25264, mouse monoclonal, Santa Cruz Biotechnology, Santa Cruz, CA, USA) in a 1:100 dilution and RBM39 antibody (rabbit polyclonal, HPA001591, AtlasAntibodies in a 1:75 dilution. The HPA001591 antibody was specifically generated and used for protein profiling as part of the Human Protein Atlas project (http://www.proteinatlas.org) [12, 13] . All primary antibodies were incubated for 30 min at room temperature. Stainings were subsequently detected by HRP-coupled polymer (ThermoScientific, Warm Springs, Fremont, CA, USA) and visualized by diaminbenzidine plus (DAB Plus) (ThermoScientific). Sections were counterstained with Mayer's haematoxylin. Incubation without primary antibody was used as negative control.
Evaluation of protein expression and correlation to DNA copy number status
Protein expression of CSE1L, DIDO1 and RBM39 was evaluated based on staining intensity in epithelial cells and scored as weak, moderate or strong. Per tumor the maximum score of the evaluated cores was determined. For statistical analysis of protein expression, tumors were classified into two groups based on the maximum staining score; weak and moderate staining versus strong staining. The Chi-Square test was used to compare protein expression between adenomas and carcinomas and tumors with and without 20q gain. All statistical analyses were performed in SPSS (version 15.0 for Windows, SPSS, Chicago, Illinois, USA).
Results
Correlation of CSE1L, DIDO1
and RBM39 mRNA expression with (20q) DNA copy number and adenoma/ carcinoma status To investigate whether CSE1L, DIDO1 and RBM39 may contribute to chromosome 20q gain-driven colorectal adenoma-to-carcinoma progression, correlation analyses were performed to examine the relationship between their DNA copy number status and mRNA expression levels. Significant correlations between DNA copy number ratios and mRNA expression levels were observed for CSE1L (R0 0.49 with p00.0001; Fig. 1a ), DIDO1 (R00.53 with p0 0.00002; Fig. 1b ) and RBM39 (R00.45 with p00.0003; Fig. 1c ). Next, CSE1L, DIDO1 and RBM39 mRNA expression levels were examined in relation to chromosome 20q gain status within the group of chromosomal instable tumors. For this purpose, MSI tumors were excluded from further analysis upon which the remaining colorectal tumors (26 adenomas and 23 carcinomas) were classified into two categories based on absence or presence of 20q gain. Messenger RNA expression levels were significantly increased in tumors with 20q gain compared to tumors without 20q gain for each of these genes, i.e. CSE1L (p00.01; Fig. 1d ), DIDO1 (p00.001; Fig. 1e ) and RBM39 (p00.001; Fig. 1f) .
Genes that are functionally relevant for tumor progression are likely to show increased mRNA expression levels in carcinomas compared to adenomas. As such, the fact that chromosome 20q gain is associated with colorectal adenoma-tocarcinoma progression prompted us to examine whether increased CSE1L, DIDO1 and RBM39 mRNA expression levels are merely associated with tumor progression or truly driven by chromosome 20q DNA copy number status. For each of these genes, the difference in median mRNA expression levels (arbitrary units) of tumors with 20q gain versus those without 20q gain ( Fig. 1d-1f ; CSE1L: 0.55, DIDO: 0.47, RBM39: 0.60) was larger than the difference in their median expression levels (arbitrary units) between those adenomas and carcinomas for which 20q status was known (n049) ( Fig. 1g-i ; CSE1L: 0.44, DIDO: 0.40, RBM39: 0.31). Results comparing Fig. 1 Correlation of CSE1L, DIDO1 and RBM39 mRNA expression with (20q) DNA copy number and adenoma/ carcinoma status. Correlation of DNA copy number with mRNA expression for CSE1L a, DIDO1 b and RBM39 c. DNA copy numbers were determined by the copy number ratio of the BAC covering the gene locus. Pearson correlation coefficients and p-values are shown. Lines represent a linear regression fit with 95 % confidence intervals. CSE1L d, DIDO1 e and RBM39 f mRNA expression levels (arbitrary units) in tumors (n049) without and with 20q gain. P-values were determined by the Mann-Whitney test. CSE1L g, DIDO1 h and RBM39 i mRNA expression levels (arbitrary units) in adenomas and carcinomas for which 20q status was known (n049). P-values were determined by the Mann-Whitney test adenomas to carcinomas obtained for the whole data set of 37 adenomas and 31 carcinomas for which mRNA expression data was available are shown in Suppl. Fig. 2 . In fact, only the mRNA expression level of CSE1L (p00.02 and DIDO1 (p0 0.004) remained significantly elevated in CRCs compared to adenomas. These data indicate that the mRNA expression levels of CSE1L, DIDO1 and RBM39 are predominately influenced by 20q DNA copy number status rather than being generally increased due to tumor progression.
3.2 Correlation of CSE1L, DIDO1 and RBM39 protein expression to chromosome 20q gain and adenoma/ carcinoma status To investigate the correlation between chromosome 20q DNA copy number status and CSE1L, DIDO1 and RBM39 protein expression in colorectal adenoma-to-carcinoma progression, immunohistochemistry was performed on tissue microarrays containing 82 colorectal adenomas and 82 carcinomas. CSE1L protein expression was mainly present in the nuclei of epithelial cells accompanied by a weak cytoplasmic staining (Fig. 2a) . DIDO1 protein expression was exclusively nuclear and observed in epithelial cells as well as stromal cells (Fig. 2b) . Nuclear protein expression of RBM39 was associated with a faint cytoplasmic staining (Fig. 2c) .
There was no significant difference in epithelial protein expression of CSE1L, DIDO1 and RBM39 between tumors with and without chromosome 20q gain (Fig. 3a-c) . However, CSE1L protein expression in epithelial cells was higher in carcinomas compared to adenomas (p00.001; Fig. 3d ). Epithelial protein expression of DIDO1 and RBM39 was observed in the far majority of tumors. More than 80 % of adenomas stained strongly positive for DIDO1 and more than 90 % of adenomas for RBM39. Therefore, although the percentages of carcinomas with strong DIDO1 or RBM39 protein expression were slightly higher, significant differences could not be detected for these two proteins (Fig. 3e-f ).
Discussion
Chromosome 20q is a major factor in colorectal adenomato-carcinoma progression. Genes that drive 20q gain associated colorectal adenoma-to-carcinoma progression are believed to influence cancer processes due to increased DNA, mRNA and protein expression levels. The 20q amplicon harbors multiple genes that contribute to CRC carcinogenesis as indicated by the large part of the chromosome arm that is generally amplified in CRC. We recently identified AURKA and TPX2 as major contributors to 20q gain associated CRC progession [9] . In the same study CSE1L, DI-DO1 and RBM39 were also found to contribute to several cancer-related biological processes such as cell viability and anchorage-independent growth. To further explore the role Fig. 2 Immunohistochemical stainings of CSE1L, DIDO1 and RBM39. a CSE1L staining was mainly present in the nuclei of epithelial cells accompanied by a weak cytoplasmic staining. Staining intensity was analyzed based on the overall intensity in epithelial cells, and scored as weak, moderate, or strong. Representative examples of each category are shown. b DIDO1 staining was exclusively nuclear, and was observed in epithelial and stromal cells. Nuclear staining intensity in epithelial cells was scored as weak, moderate or strong. Representative examples of each category are shown. c RBM39 staining was observed in epithelial and stromal cells. Nuclear staining of RBM39 was accompanied by a faint cytoplasmic staining. Staining intensity in epithelial cells was scored as weak, moderate or strong. Due to lack of weakly stained cores, only representative examples of moderate and strong staining are shown of CSE1L, DIDO1 and RBM39 in colorectal adenoma-tocarcinoma progression, we here analyzed mRNA and protein levels of CSE1L, DIDO1 and RBM39 in colorectal adenomas and carcinomas in relation to 20q DNA copy number status.
CSE1L
CSE1L was found to affect cell viability and anchorageindependent growth (Suppl. Fig. 1 ). Other studies have reported that CSE1L plays a role in apoptosis, chromosomal instability, migration, invasion and metastasis in different cancer types [14] [15] [16] [17] [18] [19] [20] . Increased CSE1L DNA copy numbers (including high level amplifications), mRNA and protein expression have been reported for CRC and other tumor types [21] [22] [23] [24] [25] [26] . Overexpression of CSE1L has been linked to tumor progression [26] [27] [28] [29] . In support of these published data the present study, for the first time, demonstrates increased expression of CSE1L mRNA and protein levels in colorectal carcinomas compared to adenomas. Based on the functional effects of CSE1L on cancer processes and the increased mRNA and protein levels in carcinomas compared to adenomas, CSE1L likely contributes to colon tumor progression. The correlation of CSE1L (20q) DNA copy number status with mRNA expression levels implies that transcription of CSE1L mRNA is influenced by chromosome 20q gain. Nevertheless, protein expression of CSE1L neither correlates with 20q DNA copy number status nor with mRNA expression levels (Suppl. Fig. 3 ), implying that CSE1L protein levels are subject to post-transcriptional regulation in a 20q gain-independent manner. Because CSE1L protein expression does not correlate with chromosome 20q gain status, CSE1L is likely a passenger rather than a driver gene of chromosome 20q gain-associated adenoma-tocarcinoma progression.
CSE1L (chromosome segregation 1-like, also known as Cellular Apoptosis Susceptibility-CAS -) is a nuclear transport factor that contributes to protein transport from the cytoplasm to the nucleus and vice versa. This proces is important for normal cell function [30] . Proteins that contain a nuclear localization signal form a complex with importin-α in the cytoplasm. Subsequent binding of importin-β results in translocation of the complex to the nucleus, where the complex dissociates. Importin-β is recycled to the cytoplasm by RanGTP, whereas recycling of importin-α is mediated by CSE1L [31, 32] . The effect of CSE1L on tumor progression can be explained by its role in nuclear transport which requires nuclear localization of CSE1L [16] . The immunohistochemical stainings show this localization in colorectal tumors. Overexpression of CSE1L results in constitutive binding to importin-α, causing depletion of free importin-α which is necessary for nuclear import of proteins [30] . Aberrant expression of CSE1L may therefore cause mislocalization of cellular proteins, which can contribute to tumor development [16, 30] . Interfering with protein function by sequestering in cellular compartments has for example been described to contribute to the functional inactivation of the tumor suppressor gene TP53 [33] . Weak CSE1L protein expression was observed in the cytoplasm of colorectal adenoma and carcinoma samples with staining levels that were directly correlated to its nuclear staining Fig. 3 Correlation of CSE1L, DIDO1 and RBM39 protein expression with 20q DNA copy number and adenoma/ carcinoma status. CSE1L a, DIDO1 b and RBM39 c protein expression levels in tumors without and with 20q gain. CSE1L d, DIDO1 e and RBM39 f protein expression levels in human colorectal adenoma and carcinoma tissues. P-values were determined using the Chi-Square test levels. Several papers emphasize (vesicular) cytoplasmic staining of CSE1L and propose a role for CSE1L in vesicle translocation and protein secretion [34] [35] [36] . Proteomics analysis of cell surface and secretomes of CRC cell lines supports the presence of CSE1L protein associated with plasma membranes and secreted microvesicles (supplementary data in de Wit et al. [11] and Fijneman et al., [37] ). Cytoplasmic staining has also been described to be caused by the association of CSE1L to microtubules. Microtubulebound CSE1L may be an inactive reservoir of CSE1L or may have a specific biological function during mitosis; e.g. in chromosome segregation, as the name indicates [38] . Chromosome segregation is a delicate process which can result in chromosomal aberrations when deregulated. A role for CSE1L in this process is in agreement with the deficiency in chromosome segregation observed in yeast cells with CSE1L mutations [18] . Other genes that contribute to chromosomal instability (e.g. AURKA and TPX2) have been described as playing a major role in colorectal adenomato-carcinoma progression [9, 39] .
DIDO1
In our previous studies, downmodulation of DIDO1 resulted in reduced anchorage-independent growth (Suppl. Fig.1 ). DIDO1 mRNA expression correlated with DNA copy number and chromosome 20q gain status (Fig. 1) , which indicates that elevated DIDO1 expression is induced by gain of the 20q amplicon. However, no differences could be detected for DI-DO1 protein expression between tumors with and without chromosome 20q gain. Such lack of observed variation in protein expression may be a technical issue. Tumors without 20q gain, which have a relatively low DIDO1 mRNA expression compared to tumors with 20q gain, already showed quite strong DIDO1 protein expression. Since immunohistochemistry is not a stoichiometric technique stainings can only be quantified within a restricted window of protein expression, upon which further increase in protein expression will not become visible as more intense staining. Therefore, the present study does not support a role for DIDO1 as a 'driver' gene for adenoma-tocarcinoma progression, but rather suggests that increased DI-DO1 (mRNA) expression in 20q gain tumors results from a 'passenger' effect due to its localization on the 20q amplicon.
The putative functional role of DIDO1 in tumor progression is not quite clear. DIDO1 (death inducer-obligator 1) is an early apoptosis regulator protein that has been described as a tumor suppressor gene in hematological myeloid neoplasms. Upon apoptosis induction, cytoplasmic DIDO1 translocates to the nucleus to induce caspase levels and activity [40] . Downmodulation of DIDO1 mRNA expression, however, did not change cell viability in CRC cell lines upon 5FU-induced cytotoxicity, arguing against a role for DIDO1 in apoptosis induction in CRC cells. Disruption of DIDO1 has been reported to result in chromosomal instability by a defective mitotic checkpoint [41] , while overexpression of DIDO1 also induces chromosomal instability as observed by asymmetric divisions leading to the occurrence of lagging chromosomes [42] . Like DIDO1, inhibition of the expression of other genes with a role in chromosomal instability, such as AURKA and TPX2, also reduced anchorage-independent growth [9] .
RBM39
Downmodulation of RBM39 expression affected cell viability in CRC cell lines (Suppl. Fig. 1 ). Similar to DIDO1, RBM39 mRNA expression correlated with DNA copy number and chromosome 20q gain status whereas no differences could be detected in protein expression between tumors with and without chromosome 20q gain. RBM39 mRNA and protein expression was also not different between adenomas and carcinomas. Thus, RBM39 mRNA expression is increased due to 20q gain and could play a role in 20q gain associated tumor progression. However, the present study does not support a role for RBM39 as a 'driver' gene for adenoma-to-carcinoma progression, rather suggests that increased RBM39 (mRNA) expression in 20q gain tumors results from a 'passenger' effect due to its localization on the 20q amplicon.
RBM39 (RNA binding motif protein 39, also known as CAPER alpha) is a transcriptional coactivator that stimulates transcription mediated by the progesteron and estrogen steroid hormone receptors. In addition, RBM39 contributes to alternative splicing, which is an important mechanism to create mRNA, protein and functional diversity by modulation of processing of pre-mRNAs [43, 44] . Alterations in the activity of proteins involved in alternative splicing have been described to contribute to tumor development and progression, e.g. for AURKA and TPX2 [45] [46] [47] . RBM39 has been described to be overexpressed in small-cell lung cancer and breast cancer [48, 49] . In breast cancer a shift in RBM39 expression was observed from the cytoplasm to the nucleus during transition from pre-malignancy to carcinoma in situ [49] . Such a shift in subcellular localization of RBM39 protein was not observed for the transition of colorectal adenomas into carcinomas in our experiments, since pre-malignant adenomas already showed strong nuclear staining.
Summary
In conclusion, CSE1L, DIDO1 and RBM39 can influence tumor progression by their functional role in various cancer processes. However, despite their significant correlation between DNA copy number status and mRNA expression levels, lack of correlation to protein expression levels does not support these genes as 'drivers' for 20q gain associated adenoma-to-carcinoma progression. Instead, their increased mRNA expression appears to be a 'passenger' effect due to their localization on the 20q gain amplicon.
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